A paradox for the cancer biology field has been the revelation that oncogenes, once thought to simply provide advantages to a cancer cell, actually put it at dire risk of cell suicide. Myc is the quintessential oncogene in this respect, as in normal cells it is required for cell cycle traverse, whereas in cancers it is overexpressed and functions as the angiogenic switch. Nonetheless, Myc overexpression kills normal cells dead in their tracks. Here we review Myc-induced pathways that contribute to the apoptotic response. Molecular analysis of Mycinduced tumors has established that some of these apoptotic pathways are essential checkpoints that guard the cell from cancer, as they are selectively bypassed during tumorigenesis. The precise mechanism(s) by which Myc targets these pathways are largely unresolved, but we propose that they involve crosstalk and feedback regulatory loops between arbiters of cell death. Oncogene (2003 Oncogene ( ) 22, 9007-9021. doi:10.1038 Keywords: Myc; apoptosis; Arf; p53; Bcl-2; death receptors; cancer
The Myc paradox
The diverse functions and biological effects of Myc oncoproteins have mystified the cancer biology field for over two decades. The pioneering work of Bishop and colleagues established that v-myc was the oncogene captured by the avian MC29 myelocytomatosis transforming virus (Sheiness et al., 1978; Alitalo et al., 1983) . On the heels of this revelation were the discoveries that v-myc's cellular homolog c-Myc (Sheiness and Bishop, 1979; Sheiness et al., 1980; Crews et al., 1982; DallaFavera et al., 1982) , as well as other Myc family members N-Myc and L-Myc (Kohl et al., 1983; Schwab et al., 1984; Nau et al., 1985; Seeger et al., 1985) , are activated in many cancers. Indeed, the current tally for Myc activation in human cancer now approaches 70%, suggesting that this event is required for tumorigenesis. Activation of Myc occurs through diverse mechanisms, including translocations, amplifications, or enhanced translation or protein stability (Sears et al., 1999; Stoneley et al., 2000; Noguchi et al., 2001; AlarconVargas et al., 2002; Channavajhala and Seldin, 2002; Popescu and Zimonjic, 2002; Ruggero and Pandolfi, 2003; Tonini and Romani, 2003) . However, most often Myc expression is activated indirectly through alterations in signaling pathways that induce or repress Myc transcription. Although gain-of-function mutations in Myc proteins have been described for some tumor types (Bhatia et al., 1993) , the real common denominator of Myc activation is the deregulated overexpression of these oncoproteins. This then led to the concept that increasing threshold levels of Myc put the cell at a high risk for transformation.
At first glance, the selection for Myc activation in cancer seemed obvious. First, it was quickly established that enforced Myc expression was sufficient to provoke the entry and continuous, mitogen-independent, proliferation of cells Goldfarb, 1987, 1988; Eilers, 1991) , and that it effectively blocked terminal cell differentiation (Coppola and Cole, 1986; Maruyama et al., 1987; Freytag, 1988) . Subsequently, Myc was shown to be necessary for traverse into S phase of the cell cycle (Heikkila et al., 1987) , a finding recently underscored by the conditional knockout of c-Myc (de Alboran et al., 2001; Trumpp et al., 2001 ). Thus, not surprisingly, both c-Myc and N-Myc are essential for vertebrate development (Stanton et al., 1990; Sawai et al., 1991; Charron et al., 1992; Moens et al., 1992; Davis et al., 1993) . In addition, numerous studies showed that Myc activation was sufficient to provoke diverse cancers (Adams et al., 1985; Leder et al., 1986) and, more recently, that Myc is continuously required to maintain the transformed state (Felsher and Bishop, 1999; Pelengaris et al., 1999; Jain et al., 2002) . Finally, to round out the story was the revelation that c-Myc functioned as an angiogenic switch (Pelengaris et al., 1999 (Pelengaris et al., , 2002 , and that its expression was in fact essential for proper and coordinate regulation of angiogenic and anti-angiogenic factors in cancer and development (Baudino et al., 2002) . This was satisfying -now we know why Myc activation was so pervasive in cancer.
The fly in the ointment was that in the midst of the excitement surrounding the discovery of how Myc functioned as an oncogenic transcription factor (Blackwell et al., 1990; Blackwood and Eisenman, 1991) , a paradox confronted the field -Myc was discovered to actually trigger rapid apoptosis (Askew et al., 1991; Evan et al., 1992) , an endogenous and conserved program of cell suicide (Ellis et al., 1991) . Further, what rapidly became clear was that Myc was the rule, rather than the exception, as other oncogenes such as E1A (Rao et al., 1992; Debbas and White, 1993; Lowe and Ruley, 1993) and E2F-1 (Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994; Kowalik et al., 1995) were then shown to behave in a similar fashion. This raised the hypothesis that apoptotic pathways must be disabled for oncogenes to promote transformation (Askew et al., 1991; Evan et al., 1992) and, as will be told, this hypothesis bore fruit. So then the task became how does Myc kill a cell? This has been a frustrating exercise for the field, but clues have come from understanding how Myc does its job, identifying the targets involved in Myc-induced death, and discovering which pathways are disabled in cancer cells.
The Max network blues
Myc genes are induced as primary response genes of virtually all signal transduction pathways known to be altered in cancer, including, for example, those governed by tyrosine kinase growth factor receptors, NF-kB and b-catenin (Kelly et al., 1983; Renan, 1989; Duyao et al., 1990; Marcu et al., 1997; Zou et al., 1997; He et al., 1998) . In turn, Myc proteins take over the chain of command by functioning as master transcriptional regulators of a wide array of 'Myc target genes' that execute the cellular response.
Myc family proteins (c-Myc, N-Myc, L-Myc and Myc's 'second-cousins' S-and B-Myc) are basic helixloop-helix leucine zipper (bHLH-Zip) transcription factors. Archaic forms of Myc appear to exist even in primitive metazoans, and all Myc proteins bind to the Ebox CAYGTG motif that is present in transcription targets induced by Myc (Blackwell et al., 1990; Prendergast and Ziff, 1991; Blackwell et al., 1993) . However, the DNA binding and transcriptional activity of Myc, and indeed all Myc's functions, strictly requires its dimerization with Max, a small, and again conserved, bHLH-Zip protein (Blackwood and Eisenman, 1991; Blackwood et al., 1992) . Indeed, Max is now recognized as the central and shared dimerization partner of a rather large network of related b-HLH-Zip transcription factors that function, by binding through the same sequence elements, as transcriptional repressors ( Figure 1a ) . These include the Mad family of proteins (Mad1, Mxi1, Mad3 and Mad4) and larger proteins coined Mnt (also known as Max's next tango) and Mga (i.e., the biggest protein of the bunch) (Ayer et al., 1993; Hurlin et al., 1995 Hurlin et al., , 1997 Hurlin et al., , 1999 Meroni et al., 1997) . Thus, two potential outcomes result from the binding of Max-containing heterodimers. First, Myc : Max dimers activate transcription through interactions of conserved 'Myc-boxes' with transcriptional coactivators (such as TRRAP and BAF53) and their associated histone acetyltransferases (HATs, e.g., GCN5) and/or ATPase/helicases (TIPs, e.g., TIP49) ( Figure 1a ) (McMahon et al., 1998 (McMahon et al., , 2000 Park et al., 2001; Dugan et al., 2002; Park et al., 2002) . Second, Mnt : Max or Mad : Max dimers actively repress transcription through direct protein : protein interactions with the general transcriptional corepressors Sin3a/3b and, in a clear case of guilt by association, with Sin3's tethered corepressors (e.g., N-Cor and the Ski/Sno proteins) and histone deacetylases (HDACs) (Figure 1a ) (Ayer et al., , 1996 Heinzel et al., 1997; Hurlin et al., 1997; Nomura et al., 1999) . Following binding and recruitment or displacement of the basal transcriptional machinery, these heterodimers then also function to regulate chromatin structure in a general sense, and in fact in some scenarios, in particular in the case of neural crest specification, this function may be required to precisely regulate gene expression (Bellmeyer et al., 2003) . Further complexity is provided from the fact that Myc : Max dimers can play the other side of the field, repressing transcription by binding to and disrupting the functions of other transcriptional activators such as Miz-1 (Figure 1c Cip1 by binding to Miz1. In this scenario, the apoptotic response is favored over G 1 arrest Herold et al., 2002; Kime and Wright, 2003; Wu et al., 2003) . And, as a final blow to convention, there are now reasonable alternatives as to how the network really works, as Myc can effectively displace Mnt : Max complexes, and Mnt loss alone, even in somatic cells that express no forms of Myc, is capable of inducing the 'Myc' response (Hurlin et al., 2003; Nilsson et al., 2003) (Figure 1b) .
Apoptosis induced by Myc could be generally viewed in two ways, and these are not mutually exclusive. Apoptosis is essential for proper embryonic development, tissue morphogenesis and homeostasis (Ellis et al., 1991) . Thus, at one level, Myc-induced apoptosis could reflect normal functions of these oncoproteins in regulating cell death programs -in this setting, loss of Myc could either result in the abnormal survival of cells that are supposed to die or, should it be required for survival, in the inappropriate deaths of cells that are supposed to live. On the other hand, Myc apoptotic functions could simply be a pathophysiological response to cells having too much Myc -in this scenario hyperproliferation invoked by Myc induces, in ways that are slowly becoming clearer (see below), a 'stress' response that triggers apoptotic programs that eliminate the cell (Sherr, 2001) . Gene targeting has revealed that, perhaps with one exception, it is the latter mechanism that is operational. Indeed there is scant evidence from knockouts in mice, or knockdowns of more archaic forms in Drosophila, that loss of c-Myc, N-Myc, Max, or any of the Mads triggers apoptosis in vivo, although effects on cell mass, rates of cell cycle traverse and/or proper differentiation are evident (reviewed in Baudino and Cleveland, 2001 ). The same cannot be said for Mnt, as loss of Mnt in mouse embryo fibroblasts (MEFs) (Hurlin et al., 2003) or knock down of Mnt using RNA interference is sufficient to trigger apoptotic programs. Strikingly, since Mnt loss can provoke apoptosis even in somatic cells lacking all forms of Myc (Mateyak et al., 1997) , this indicates that Myc may trigger apoptotic programs indirectly, by effectively disrupting Mnt's functions in harnessing the apoptotic response .
Myc response genes in apoptosis -moving targets
Myc-induced apoptosis requires its DNA binding functions and dimerization with Max Amati et al., 1993) . There has been much debate as to whether Myc's ability to provoke cell death requires its transactivation versus transrepression functions Cole and McMahon, 1999; Conzen et al., 2000) , and the bottom line, despite fairly extensive mutagenesis of conserved regions of the N-terminus of the protein, is that the field has failed to identify a mutant defective in transactivation alone. Further, one wonders if this debate is productive, as forms of Myc specifically lacking either function are never found at appreciable levels in vivo, and Myc clearly acts as both an activator and repressor of transcription; thus, it follows that both functions are likely important.
Myc target genes have been identified by a number of approaches, most recently in SAGE and microarray screens designed to capture those targets induced or repressed following conditional activation of the oncoprotein (Coller et al., 2000; Boon et al., 2001; Neiman et al., 2001; Schuldiner and Benvenisty, 2001; Godfried et al., 2002; Iritani et al., 2002; Menssen and Hermeking, 2002; Watson et al., 2002; Yu et al., 2002; Ellwood-Yen et al., 2003; Huang et al., 2003) . The cast of targets is ponderous (with at least 647 targets already identified, see http://www.myc-cancer-gene.org). Furthermore, recent genomic screens for Myc binding sites by chromatin immunoprecipitation (ChIP) and other genome-wide assays indicate that this number of targets is underestimated by at least half, and (yet another scary thought) these assays have been biased for only those targets having E-boxes in their promoter-regulatory regions (Zeller et al., 2001 Fernandez et al., 2003; Haggerty et al., 2003; Mao et al., 2003; O'Connell et al., 2003; Orian et al., 2003) .
Given the pervasive genomic response, one blanches at the thought of ever sorting out which target(s) of Myc specifically contribute to triggering apoptotic programs. On top of this, one wonders if the screens that have been performed are truly reflective of the conditions of the premalignant cell that is trying to make the decision to either kill itself or its host. For example, most screens for targets have utilized a chimeric form of c-Myc that is fused to an engineered version of the estrogen receptor (ER) hormone binding domain (Myc-ER) that responds to the ER agonist 4-hydroxytamoxifen (Littlewood et al., 1995) . When expressed in cells, this chimera is held in heat shock complexes in the cytoplasm, yet binding of tamoxifen releases Myc-ER and allows nuclear localization and gene regulation. An assumption of the field is that the Myc-ER transgene really behaves as a faithful mimic of native Myc oncoproteins. For example, it is feasible that Myc-ER may recruit other co-factors to transcriptional complexes. In addition, there are concerns about how much Myc one needs to overexpress to mimic the in vivo situation in cancer. In seems quite likely that the thresholds of Myc that can be achieved will drastically influence the outcome. Indeed, this has been underscored in experiments canvassing the genomic binding sites for Myc by ChIP, where at least three classes of genes (high, medium and low affinity) can be recognized depending upon the level of Myc that is expressed by a given cell (Fernandez et al., 2003) . Finally, most of the screens that have been performed have addressed scenarios where Myc overexpression is sufficient to induce their expression, whereas comparatively little has been done to evaluate whether Myc is essential for the expression of its identified target genes, other than a survey of a select few in somatic and immortal rat fibroblasts lacking c-myc (Bush et al., 1998) .
In truth, most of the insights into which Myc targets play important roles in apoptosis have come from knowledge that has been established on the regulation of apoptosis in general. At its most basic level, apoptosis is controlled by intrinsic survival pathways that are necessary to block the cell death program, and those invoked by extrinsic signals that actively trigger the demise of the cell. Extrinsic apoptotic pathways are direct and efficient signals that provoke cell suicide, and are induced following ligation of the Fas/TNF-a family of death receptors with their ligands (Figure 2 ). Through the agency of adaptor molecules such as the Fasassociated death domain (FADD) protein, interactions are formed to create the death-inducing-signaling complex (DISC), which attracts and activates 'initiator' caspase-8, -2 or -10, which are members of a family of cysteine-directed, aspartate-specific proteases (Ashe and Berry, 2003) . These caspases then cleave and activate other 'effector' caspases such as caspase-3, -6 and -7, which clip key targets required for cell integrity Earnshaw et al., 1999; Nicholson, 1999; Creagh and Martin, 2001 ). In contrast, intrinsic cell survival pathways are much more elaborate (Ashe and Berry, 2003) . Generally these are pathways that are initiated by ligand binding to cell surface cytokine receptors, which provoke signaling pathways that induce the activities of the Akt/PKB and PKA families of serine/threonine kinases (Datta et al., 1999; Cross et al., 2000) . In addition, these signals regulate the activity and/or expression of the NF-kB and Forkhead transcription factors, which generally suppress or induce apoptosis, respectively (Li and Zhu, 2002; Burgering and Medema, 2003) .
Focal points in the control of intrinsic apoptotic pathways, and which also play a role in amplifying the apoptotic response initiated by cell death receptors, are the functions of key organelles, in particular mitochondria and the endoplasmic reticulum (Ferri and Kroemer, 2001) . The integrity of these organelles is regulated by the Bcl-2 family of proteins, which function as dedicated supervisors of cell suicide . Bcl-2 family proteins share regions of homology (so-called Bcl-2 homology (BH) domains) and come in two flavors, those having BH4 domains that are dedicated to protect the cell from apoptosis (e.g., the antiapoptotic proteins Bcl-2, Bcl-X L , and Mcl-1), and those designed to kill it (Figure 3) . Further, the assassins come in two varieties. First are the multidomain (BH1-3) proteins Bok, Bax and Bak; and Bax and Bak are together required for most intrinsic and extrinsic forms of cell death Rathmell et al., 2002; Hahn et al., 2003; Kandasamy et al., 2003; . Second is a barrage of BH3-only proteins (e.g., Bim, Bid, Puma and Noxa), which function as signaling molecules that bind to and disrupt the function Figure 2 Death receptor pathways and points of regulation by Myc. The trimeric death receptors Fas and TNF-R1 interact with their respective ligands, which induces death domain (DD)-mediated associations with the adaptor molecules FADD and TRADD and other components of the death-inducing signaling complex (DISC) (e.g., RIP, RAIDD, TRAF4, and the procaspases-8 and -2). This association triggers cleavage of pro-caspases-8 and -2, leading to cleavage of downstream effector caspases (caspase-3) or to cleavage of the proapoptotic BH3-only Bcl-2 family member Bid, which generates truncated Bid (tBid). tBid activates other proapoptotic Bcl-2 family members Bax and Bak (not shown) and results in the release of proapoptotic factors from mitochondria (MT), most notably cytochrome c, which binds to the scaffold protein Apaf-1. The resulting apoptosome (not shown) that is formed then binds and induces cleavage of procaspase-9, which then cleaves and activates effector caspases, thus amplifying the apoptotic response. TNF-a-mediated pathways also induce signaling cascades that result in the activation of NF-kB, which provides an essential survival function by regulating genes such as the antiapoptotic Bcl-2 family member bcl-X. Myc interfaces with death receptor pathways at several levels: (1) Myc can activate expression of FasL, which could participate in the direct suicide of the cell or, alternatively, could trigger the death of Fas-expressing immune cells that target the cancer cell, a scenario that would explain the immune privilege state of Myc-expressing cancer cells; (2) Myc provokes association of Bid with mitochondria; (3) Myc affects components of the DISC (e.g., RIP) to sensitize cells to TNF-a-mediated apoptosis; (4) Myc compromises the function of TRAF2, effectively disrupting activation of NF-kB; and (5) Myc inhibits the induction of bcl-X. N denotes nucleus Figure 3 The Bcl-2 family network. Bcl-2 family members share regions of homology, the so-called BH domains and also may contain a domain (TM) that mediates insertion into the outer membrane of the mitochondrion and to that of the endoplasmic reticulum. Antiapoptotic family members contain BH1-4 domains. Proapoptotic family members come in two varieties, BH3-only domain proteins that function to disrupt antiapoptotic family members, or which directly activate other proapoptotic family members having BH1-3 domains (Bax, Bak and Bok) of their antiapoptotic cousins and/or which can directly activate Bax/Bak (see below) ( Figure 3) .
The functions of Bcl-2 family proteins are regulated at several levels, including changes in their localization, expression and post-translational modifications (phosphorylation, myristylation and deamidation), which modify their functions Zha et al., 1996; Datta et al., 1997; del Peso et al., 1997; Breitschopf et al., 2000; Biswas and Greene, 2002; Deverman et al., 2002; Putcha et al., 2003) . In addition, some Bcl-2 family proteins are caspase substrates (Cheng et al., 1997; Li et al., 1998; Condorelli et al., 2001) . Apoptotic signaling pathways targeting these proteins lead to alterations in mitochondrial functions and to the subsequent release of apoptotic mediators from mitochondria, including SMAC (which compromises the functions of endogenous inhibitors of caspases, the IAP proteins (Vaux and Silke, 2003) ), endonuclease G (Li et al., 2001; van Loo et al., 2001) , apoptosis-inducing factor (AIF) (Susin et al., 1996) and, most notably, cytochrome c (Liu et al., 1996) . Cytochrome c is a key mediator of the mitochondrial cell death response, as it binds to a scaffold protein coined apoptosis activating factor-1 (Apaf-1) that then forms the functional 'apoptosome'. This higher-order oligomeric complex then activates procaspase-9, which cleaves and turns on effector caspases (Figure 2) (Wang, 2001) .
Not surprisingly, the identification of the numerous regulators of apoptosis spurred an immediate response by the Myc field, as it quickly pounced from one mediator to the next, trying (and usually succeeding) to make connections to Myc-induced cell death. One would hope that, at least after the dust settled, the field would agree on pinning the response to one or two key regulators. The distressing fact is that links have been found to most. Here we therefore touch on those that have clear roles in cancer and refer the reader to other sources for other more eclectic mediators of the response (Dang, 1999; Prendergast, 1999) .
Dancing with death receptors
A relatively new principle in cancer biology is that apoptosis is an important safeguard that protects the organism from tumor cells. This checkpoint is operational at two levels: an intrinsic response that somehow senses things are amiss in the mutated cell and instructs its suicide; and an immune surveillance mechanism that protects the organism from being overcome by a few bad actors. Both levels of control may be operational in connections of Myc to the death receptor network (Figure 2) . First, although essential roles for Myc in cell deaths provoked by death receptor cascades is still lacking in vivo, Myc does sensitize some cell lines to TNF-a-and Fas-induced death (Klefstrom et al., 1994; Hueber et al., 1997; Klefstrom et al., 1997) , and in some T-cell hybridomas c-Myc is required for activationinduced death (Shi et al., 1992) , which in peripheral T cells is Fas dependent (Green et al., 2003) . Exactly at which level Myc affects the Fas/TNF-a response is still unresolved, but some have suggested that this occurs just downstream of these receptor complexes. For example, Myc somehow blocks activation of NF-kB by TNF-a (Klefstrom et al., 1997; You et al., 2002) , and loss of the NF-kB family member RelA also sensitizes cells to TNF-a-induced apoptosis (Beg et al., 1995; Doi et al., 1999; Rosenfeld et al., 2000) . With regard to Fas, Myc acts independently of FADD (Yeh et al., 1998) , and thus must target other regulators or components of the DISC, such as the RIP serine/threonine kinase (Klefstrom et al., 2002) (Figure 2) . Second, MEFs and myeloid cells derived from lpr or gld mice, which have inactivating mutations in the Fas and Fas ligand genes, respectively, are resistant to Myc-induced death (Hueber et al., 1997; Amanullah et al., 2002) . Third, Myc can also activate, at least in a limited number of cell lines, the transcription of Fas ligand (FasL) Kasibhatla et al., 2000) (Figure 2) .
A relatively new but now proven tenet of cancer biology is that apoptotic pathways provoked by oncogenes must be bypassed during tumorigenesis (Askew et al., 1991; Evan et al., 1992; Schmitt et al., 2002) . Given these connections of Myc and death receptors, the field was thus poised to accept that these networks and/or their downstream targets would be inactivated in tumors provoked by Myc activity. Indeed, first forays looked promising, as CASPASE-8 was shown to be selectively inactivated by methylation in late-stage and poor-prognosis human neuroblastoma having amplified N-MYC (Teitz et al., 2000) . Further, silencing of one of the downstream amplifiers of the response, APAF-1, in malignant melanoma correlates with resistance of Apaf-1-deficient MEFs to Mycinduced apoptosis (Soengas et al., 1999 (Soengas et al., , 2001 ). Furthermore, loss of Fas functions in lpr mice was shown to accelerate Myc-induced lymphomagenesis in L-myc transgenic mice (Zornig et al., 1995) . However, this finding has been challenged by other in vivo studies showing that loss of Fas or FasL does little to Mycinduced apoptosis or transformation (Cameron et al., 2000) , and direct links to other regulators and modifiers of the death receptor pathways have been slow in coming.
The failure to find widespread connections of death receptors and Myc does not, however, preclude important roles for these regulators in tumorigenesis. First, Fas/FasL regulate the size and function of the lymphoid compartment, and their loss results in lymphoproliferative autoimmune syndromes that could well cooperate with Myc in transformation (Watanabe-Fukunaga et al., 1992; Takahashi et al., 1994) . Even more compelling are the recent revelations suggesting that cancer is an immune privileged condition (Griffith et al., 1995; Strand and Galle, 1998; Abrahams et al., 2003) , and that this often occurs through upregulation of FasL in tumor cells, which would target Fas receptor-expressing immune cells for destruction (Shiraki et al., 1997; Peduto Eberl et al., 1999) . This may also be relevant in the case of TNF-related apoptosis-inducing ligand (TRAIL) receptor and TRAIL, which are required to suppress tumor development in mice (Cretney et al., 2002; Sedger et al., 2002) . This therefore suggests the Myc field would be well-served to look at the other side of the coin, where precancerous Myc-expressing cells would express regulators that specifically target immune cells for destruction. Indeed, MYCN-amplified neuroblastoma has been shown to express high levels of FasL (Shurin et al., 1998; Chen et al., 1999; Takamizawa et al., 2000) . Clearly, direct genetic tests of Myc and immune privilege are now warranted.
Myc compromises mitochondrial functions by targeting the Bcl-2 network
A focal point in the control of most apoptotic pathways is the mitochondrion. Convention dictated that this organelle simply functioned as the engine of the cell, by generating the ATP needed for cellular metabolism. However, mitochondria are now also recognized as dangerous time bombs that are poised to release a host of proapoptotic factors that direct cell suicide (Harris and Thompson, 2000) (Figure 2 ). Most prominent among these is cytochrome c and, like other apoptotic signals, Myc activation provokes the release of cytochrome c (Juin et al., 1999 ). Rightly so, attention then turned to defining how Myc regulates cytochrome c release.
Key arbiters of the mitochondria are the Bcl-2 family of proteins and Myc affects this network at multiple levels. First is the case of Bax. In the healthy cell, Bax predominantly resides in the cytosol, where its Cterminal mitochondrial binding domain (the a9-helix) is buried within a hydrophobic pocket formed by the BH1-3 domains (Suzuki et al., 2000) . However, upon receipt of apoptotic signals, Bax often re-localizes to the outer membrane of the mitochondrion where, along with Bak, it forms higher-order homo-oligomeric structures and both of these events appear to be important regulatory steps that control cell death Antonsson et al., 2001; Mikhailov et al., 2003) . Bax-deficient (but curiously not Bak-deficient) MEFs are remarkably resistant to Myc-induced apoptosis (Mitchell et al., 2000; Soucie et al., 2001; Juin et al., 2002) and bax has been suggested as a transcription target of Myc in human cells (Mitchell et al., 2000) ( Figure 4) . However, the latter finding is the exception rather than the rule, and Myc affects Bax in mysterious ways, as Myc is necessary (Soucie et al., 2001 ) and sufficient (Juin et al., 2002) for Bax activation ( Figure 4 ); yet this can occur without affecting Bax expression, localization or conformation (Juin et al., 2002) . Thus attention has turned to other, more indirect, mechanism(s) that could trigger Bax/Bak activation.
Logical mediators of Myc's Bax-dependent response would include the large collection of BH3-only proteins, which activate Bax and Bak by at least two mechanisms. The simplest scenario is that operational for Puma, Bim and Noxa, where apoptotic signaling provokes their association with the antiapoptotic proteins Bcl-2 and Bcl-X L , functionally sequestering these proteins and releasing Bax and Bak to continue the chain of destruction (Coultas and Strasser, 2003) . Bad functions in a similar manner, but its associations are disrupted by serine and threonine phosphorylations by the Akt, PKA, and possibly Pim kinases (Datta et al., 1997; del Peso et al., 1997; Harada et al., 1999; Fox et al., 2003) , all of which function as important survival signal relays (Cross et al., 2000; Lawlor and Alessi, 2001; Wang et al., 2001) and which can block Myc-induced apoptosis (Kauffmann-Zeh et al., 1997; Weissinger et al., 1997). The second scheme, exemplified by Bid, is much more elaborate, and includes cleavage by caspase-8 following the engagement of death receptors, myristoylation of truncated Bid (tBid) and re-localization, binding and activation of tBid-bound Bak at the mitochondria (Li et al., 1998; Wei et al., 2000; Zha et al., 2000) .
Despite the wealth of opportunity, the links of the BH3-only proteins to Myc-induced death are, at least at this juncture, pretty weak. One report suggests that cMyc somehow activates association of Bid with mitochondria, but in this scenario Bid is not cleaved (Iaccarino et al., 2003) (Figure 4) , so here one would argue that it must be acting like other BH3-only proteins to disrupt Bcl-2 and/or Bcl-X L functions. The other link is, however, more straightforward, where Myc activation induces the expression of Puma (Jeffers et al., 2003; Figure 4 Myc targets the Bcl-2 family. Myc influences the expression and/or activity of Bcl-2 family members at several levels. First, Myc can induce the expression of the BH3-only factor Puma either directly or through the agency of p53. Elevated levels of Puma would then disrupt the functions of Bcl-2 or Bcl-X L , leading to mitochondrial dysfunction and the release of proapoptotic factors cytochrome c, SMAC, endonuclease G and apoptosisinducing factor (AIF) (see text). Second, Myc can repress the transcription of bcl-2 or bcl-X. Third, Myc may 'activate' Bax by other means, as Myc is essential, in at least some cells, for Bax activation. Finally, Myc also provokes the association of the BH3-only factor Bid with mitochondria Maclean et al., 2003) and Puma does harbor highaffinity binding sites for c-Myc by ChIP analysis (Fernandez et al., 2003) . However, PUMA induction may only be direct in human cells (Fernandez et al., 2003) , as this response strictly requires Myc's ability to activate p53 in MEFs (see below, Jeffers et al., 2003) (Figure 4) .
The most direct connection of Myc and Bcl-2 family proteins has come from studies demonstrating that Myc suppresses Bcl-2 or Bcl-X L expression both in MEFs and primary hematopoietic cells, and in the precancerous B cells of Em-myc transgenic mice (Eischen et al., 2001a, c; Maclean et al., 2003) (Figure 4) , which overexpress c-myc in B cells by virtue of the Em immunoglobulin enhancer (Adams et al., 1985) . In the hematopoietic compartment, Bcl-X L functions are generally required to support the survival of immature progenitors (Motoyama et al., 1995) , whereas this role falls to Bcl-2 in more mature cells (Veis et al., 1993; Nakayama et al., 1994; Matsuzaki et al., 1997) . In both scenarios, their transcription is dependent upon cytokine receptor signaling pathways that are activated by the Jak family of tyrosine kinases (Packham et al., 1998; Wen et al., 2001) . Myc could in theory disrupt these signaling pathways at many levels but, at least in the case of bcl-X, appears to simply suppress its transcription, as Myc effectively represses bcl-X promoter activity in transient promoter-reporter assays (Nilsson and Cleveland, unpublished) . However, this does not imply that this Myc-induced pathway, nor that suppressing bcl-2, is simple. One oddity is that Myc somehow selectively represses the expression of the Bcl-2 family member that is specifically required for the survival of that cell type. For example, in immature B cells, where Bcl-X L functions are required, Myc suppresses bcl-X, whereas in mature B-cells and myeloid cells it is bcl-2 that is suppressed by Myc (Eischen et al., 2001c) . Furthermore, exactly how this suppression occurs is not resolved, as Myc appears to require de novo protein synthesis to direct bcl-X suppression (Eischen et al., 2001c) , and the reductions of Bcl-X L and Bcl-2 protein observed following Myc activation are more profound than the transcriptional response . Regardless of the nuts and bolts of how it all works, these findings do strongly support a model whereby reductions in the steady-state levels of Bcl-2 or Bcl-X L would lead to Bax activation, thus explaining the Bax dependence of Myc's apoptotic response (Figure 4) . The importance of this pathway is also underscored by genetic tests of the hypothesis, whereby Bax loss, or Bcl-2 or Bcl-X L overexpression, effectively compromises Myc-induced apoptosis and thus accelerates Mycinduced tumorigenesis (Strasser et al., 1990; Fanidi et al., 1992; Eischen et al., 2001b; Pelengaris et al., 2002) . Finally, as proof-in-principle for its relevance as an apoptotic checkpoint, the Myc-to-Bcl-2/Bcl-X L apoptotic pathway is frequently disrupted in lymphomas arising in Em-myc transgenic mice (Eischen et al., 2001c) , and the expression of these proteins is often elevated in human tumors overexpressing MYC oncoproteins (Coultas and Strasser, 2003) .
Myc triggers the Arf-p53 tumor suppressor pathway
The p53 tumor suppressor has been heralded as the 'guardian of the genome' (Lane, 1992; White, 1996) and is the most frequently mutated gene in cancer (Zambetti and Levine, 1993) . p53 functions as a sequence-specific transcription factor that is responsive to a wide array of signals that stress the cell, including DNA damage, hypoxia, and hyperproliferative signals emanating from oncogenes such as Myc (Levine, 1997; Giaccia and Kastan, 1998) . In these scenarios, p53 functions as a critical checkpoint that either induces cell cycle arrest in the G 1 phase of the cell cycle, allowing cells to recover and repair any damage, or provokes apoptosis to eliminate the damaged cell (Giaccia and Kastan, 1998) . Over 70 transcription targets have been shown to be directly regulated by p53, and fully half of these have been suggested as mediators of the apoptotic response. These include the induction of proapoptotic genes such as bax, puma, noxa, bim, dr5 and fas, and the repression of bcl-2 (Miyashita et al., 1994a; Miyashita and Reed, 1995; Owen-Schaub et al., 1995; Wu et al., 1997; Oda et al., 2000; Han et al., 2001; Nakano and Vousden, 2001; Yu et al., 2001; Burns and El-Deiry, 2003) . In addition, targets involved in the cell cycle arrest response also have intimate links to the apoptotic program. For example, the ability of Myc to suppress p53-mediated induction of the cyclin-dependent kinase inhibitor p21
Cip1 , which appears to occur through Myc's ability to disrupt the functions of Miz-1 (Herold et al., 2002; Seoane et al., 2002; Wu et al., 2003) , alters the balance of the p53 response in favor of that inducing cell death (Figure 1c) .
Given its profound effects in either blocking cell proliferation or provoking apoptosis, the levels of p53 are understandably tightly monitored by the cell. The response is largely harnessed by a feedback loop that involves yet another p53 transcription target, Mdm2 (Wu et al., 1993) (Figure 5 ). Mdm2 itself functions as an oncogene and is activated in human tumors by amplifications or by alterations in signaling pathways that lead to its overexpression (Momand and Zambetti, 1997) . Either scenario leads to high levels of Mdm2 protein, which inhibits p53 at three levels. First, Mdm2 directly binds to p53's N-terminal transactivation domain to disrupt its transcription functions (Momand et al., 1992; Chen et al., 1993) . Second, Mdm2 also functions as an E3 ubiquitin ligase that monoubiquitinates p53 (Honda et al., 1997) , which then becomes a substrate for polyubiquitination by other E3 ubiquitin ligases (including the p300 coactivator protein; Grossman et al., 1998 Grossman et al., , 2003 . Finally, Mdm2 then shuttles polyubiquitinated p53 to the cytosol for degradation by the proteasome (Freedman and Roth et al., 1998) . Thus, p53 can be activated indirectly by signals that inhibit Mdm2, such as that which occurs when Mdm2 is phosphorylated by the ataxia telangiectasia serine/threonine kinase (Atm) following g-irradiation (Khosravi et al., 1999; Maya et al., 2001) . Indeed, the Nand C-terminal domains of p53 are highly modified by post-translational modifications, including acetylation and sumoylation of residues in its C-terminus and regulatory phosphorylations at both ends of the protein (Gu and Roeder, 1997; Sakaguchi et al., 1998; Gostissa et al., 1999; Rodriguez et al., 1999; Muller et al., 2000; Kahyo et al., 2001; Schmidt and Muller, 2002) . Many of these modifications are important for stabilizing p53, by disrupting its ability to be bound and ubiquitinated by Mdm2, and by regulating its rate of nuclear import and export. The net result of disrupting Mdm2 functions is p53 accumulation, activation and then cell death, a concept underscored by the Mdm2 knockout mouse, which dies early during embryonic development, unless crossed onto a p53-deficient background (Jones et al., 1995; Montes de Oca Luna et al., 1995) .
Scenarios that lead to p53 activation during transformation include the response of cells to senescence and 'oncogenic stress' (Sherr, 1998) . Both rely on the function of an essential modifier of the p53 response, the Arf tumor suppressor. Arf is a small basic nucleolar protein encoded by the alternative reading frame of the Ink4a locus (Quelle et al., 1995) , which also encodes the p16 cyclin-dependent kinase (Cdk) inhibitor that inhibits D-type cyclin : Cdk4/Cdk6 complexes, which phosphorylate and inactivate the retinoblastoma (Rb) tumor suppressor (Serrano et al., 1993; Xiong et al., 1993) . Deletion or silencing of the INK4a/ARF locus is the second most common alteration in human tumors (Ruas and Peters, 1998) , and this event is thus a doublewhammy, which simultaneously inactivates both the p53 and Rb tumor suppressor pathways (James and Peters, 2000; Sherr, 2001 ). Arf expression is induced in a protracted manner by replicative crisis that reflects senescence programs and/or ex vivo 'culture shock' (Sherr and DePinho, 2000) , yet is upregulated in a profound manner following the exposure of cells to activated oncoproteins such as Ras, E1A, E2f1 and Myc (Bates et al., 1998; de Stanchina et al., 1998; Zindy et al., 1998; Dimri et al., 2000; Groth et al., 2000; Lin and Lowe, 2001) . When induced, Arf activates p53 indirectly, by binding to Mdm2 and inhibiting its p53-directed E3 ubiquitin ligase activity (Honda and Yasuda, 1999) , and by sequestering Mdm2 into the nucleolus Tao and Levine, 1999; Weber et al., 1999) . Like p53-deficient mice (Donehower et al., 1992; Jacks et al., 1994) , loss of Arf leads to spontaneous tumor development (Kamijo et al., 1997) . The longer latency required for tumor appearance and the altered spectrum of malignancies in Arf-deficient mice suggested that Arf may also operate in a p53-independent manner (Kamijo et al., 1999) . Indeed, Arf has been shown to regulate angiogenesis of the eye (McKeller et al., 2002) , inhibit ribosomal RNA processing (Sugimoto et al., 2003) and NF-kB signaling (Rocha et al., 2003) in a p53-independent manner, and can, when overexpressed in Arf-Mdm2-p53 triply deficient cells, cause cell cycle arrest .
The Arf-p53 pathway is an important mediator of Myc-induced apoptosis, as loss of either p53 or Arf impairs Myc-induced apoptosis (Hermeking and Eick, 1994; Wagner et al., 1994; Zindy et al., 1998) . Myc activation in primary cells is associated with a profound induction of both Arf and p53 protein levels. This response occurs at several levels. First, in some cell types, p53 is a transcription target of Myc and indeed the gene harbors an E-box in its promoter-regulatory region (Reisman et al., 1993) . However, in most cells, p53 protein levels are more profoundly induced following Myc activation , usually through the agency of Arf in blocking Mdm2 functions (Honda and Yasuda, 1999; Weber et al., 1999) , but perhaps also via effects of Myc on the Atm pathway (Lindstrom and Wiman, 2003) .
The conventional notion holds that the Myc-to-Arfto-p53 response ( Figure 5 ) is largely initiated through transcriptional induction of Arf, as Myc's transcription functions are required for it to induce cell death (Amati et al., 1993) . However, how Myc induces Arf remains unclear as the response requires de novo protein synthesis . Thus, Myc must work through the agency of other transcription factors or signaling proteins that regulate Arf transcription. Indeed some likely culprits have been identified, including the transcription factors Bmi-1, Twist, Tbx2 and Tbx3, all of which repress Arf transcription and block Mycinduced apoptosis (Jacobs et al., 1999a (Jacobs et al., , 2000 Maestro et al., 1999; Brummelkamp et al., 2002; Carlson et al., 2002; Lingbeek et al., 2002) . Furthermore, reductions in Bmi-1 impair Myc-induced tumorigenesis through augmenting an Arf-dependent apoptotic response (Jacobs et al., 1999a) . Despite these compelling connections, Myc's effects on the expression and/or activity of these Arf repressors have never been properly evaluated.
Rather than suppress an Arf repressor, the obvious alternative is that Myc induces Arf by activating a positive regulator. One potential target is DMP-1, as DMP-1 is a potent and direct activator of Arf (Inoue et al., 1999) and loss of DMP-1 accelerates Myc-induced lymphomagenesis (Inoue et al., 1999) . Another candidate was thought to be E2f1, as Myc induces E2f1 Figure 5 Myc activates the Arf-p53 tumor suppressor pathway. Myc activation leads to profound increases in the levels of the Arf nucleolar tumor suppressor, which activates p53 indirectly, through blocking the functions of p53's inhibitor Mdm2. Arf-mediated inhibition of Mdm2 occurs through direct binding and inhibition of Mdm2's E3 ubiquitin ligase activity, which normally initiates the program of p53 destruction by the proteasome, and Arf can often also sequester Mdm2 into the nucleolus. p53 also feedback inhibits the transcription of Arf; thus in the absence of p53, or in the presence of p53 mutants, Arf expression is greatly elevated. Myc may also activate p53 by other means as well, as in some cells it can activate p53 transcription, or may activate p53 through the affects on the ATM-DNA repair pathway expression in primary cells Sears et al., 1997; Baudino et al., 2003; Fernandez et al., 2003) and E2f1 has been suggested to induce Arf directly (Bates et al., 1998) . Further, like Myc , E2f1 overexpression can trigger p53-dependent apoptosis (Qin et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994; Kowalik et al., 1995; DeGregori et al., 1997) . However, Myc's reliance on E2f1 for apoptosis is, at the very least, assay-dependent (Leone et al., 2001; Baudino et al., 2003) , as Myc can clearly activate Arf and p53 expression and kill cells in the absence of E2f1 . Furthermore, E2f1's role in Mycinduced apoptosis is not observed in transgenic mice programmed to overexpress c-Myc Baudino et al., 2003) . A third, and perhaps more reasonable candidate as a mediator of the Arf response to Myc is the calcium-regulated serine/threonine kinase DAP (Kimchi, 1998) . DAP expression is augmented by Myc, the kinase is sufficient to activate Arf, and loss of DAP impairs Myc's ability to induce Arf and p53 and to trigger cell death (Raveh et al., 2001) . However, the physiological role of the DAP kinase as a checkpoint that harnesses Myc's apoptotic and transforming activities has not been addressed in vivo, and Arf is not strictly essential for DAP-induced death, possibly since the TNF-a/Fas pathways are also engaged when this class of kinases are activated (Cohen et al., 1999; Kogel et al., 2003) . Finally, another view is that probably too much emphasis is being placed on the Arf transcriptional response, especially when this is compared to the robust induction of the protein Eischen et al., 1999) . Thus, evaluating posttranslational regulation of Arf may provide further insights into regulators of this response.
Essential tools in establishing which apoptotic pathways may be operational in precancerous cells undergoing the transition to a frank malignancy have been the use of mouse models that faithfully recapitulate human tumors with MYC involvement (Adams et al., 1985; Leder et al., 1986; Stewart et al., 1993; Pelengaris et al., 1999 Pelengaris et al., , 2002 Rounbehler et al., 2001) . These analyses have underscored the importance of the Arf-p53 and Bcl-2/Bcl-X L pathways as checkpoints that guard the cell against cancer. First, molecular analyses of the lymphomas that arise in Em-myc transgenic mice, which are a phenocopy of human Burkitt's lymphoma (BL) that bear translocated MYC-immunoglobulin alleles (Adams et al., 1985) , have established that both apoptotic pathways are bypassed during lymphomagenesis. In this model, c-myc overexpression in the B-cell compartment drives high rates of proliferation that are initially offset by increased rates of apoptosis (Jacobsen et al., 1994) , and increases in the expression of Arf and p53, and reductions in the expression of Bcl-2 and Bcl-X L , are evident in these precancerous B cells (Eischen et al., 1999 (Eischen et al., , 2001c Maclean et al., 2003) . Strikingly, 80% of the lymphomas that ultimately arise in these mice display hits in the Arf-p53 pathway, by bi-allelic deletion of Arf (25%), inactivating point mutations in p53 (30%) and/or high levels of Mdm2 expression (50% overall) (Eischen et al., 1999 ). In addition, over half of these tumors also overexpress Bcl-2, regardless of the status of Arf or p53 in these lymphomas (Eischen et al., 2001c) . Thus, these apoptotic pathways are bypassed during tumorigenesis in an independent fashion. Further, these events are relevant to the human condition, as BL have a similar frequency in hits in the ARF-Mdm2-p53 pathway (Lindstrom et al., 2001) .
Genetic tests have underscored the essential roles of the Arf-p53 and Bcl-2/Bcl-X L pathways in harnessing Myc-driven tumorigenesis. First, crossing Myc transgenics to Arf-, Ink4a/Arf-or p53-deficient mice greatly accelerates the course of disease, and heterozygous transgenics usually display loss of the wild-type allele, proving that they function as classic tumor suppressors in the response (Eischen et al., 1999; Jacobs et al., 1999b; Russell et al., 2002; Schmitt et al., 1999) . Inactivation of Arf or p53 in Em-Myc lymphomas is mutually exclusive; however, a curiosity is that 50% of all lymphomas, regardless of their p53 or Arf status, also express high levels of Mdm2 (Eischen et al., 1999) , suggesting that Mdm2 might have other targets in the tumorigenic response. Furthermore, a key role for Mdm2 in Mycdriven lymphomagenesis has been established by studies demonstrating that Mdm2 overexpression accelerates disease in Em-Myc transgenics (Fridman et al., 2003) , whereas loss of just one Mdm2 allele markedly impairs their lymphoma development (Alt et al., 2003) . Second, enforced expression of Bcl-2 or Bcl-X L , or loss of Bax, also dramatically accelerates tumorigenesis in Myc transgenics (Strasser et al., 1990; Eischen et al., 2001b; Pelengaris et al., 2002) , demonstrating that the pathway by which Myc suppresses Bcl-2 or Bcl-X L is also rate limiting for tumor development.
Feedback loops and crosstalk between Myc's apoptotic pathways
The tumor suppressor field has posited that the Arf-p53 pathway is activated by an ill-defined 'stress' response to the hyperproliferative signals driven by oncogenes (Sherr, 2001) . The profound reductions in Bcl-2 and Bcl-X L proteins that occur following Myc activation could certainly be viewed as a 'stress' for the cell, as loss of either protein in mice compromises the survival of select cell types (see above). The downregulation of bcl-X, at least in B cells and MEFs, is independent of Arf and/or p53 status (Eischen et al., 2001c; Maclean et al., 2003) , and from a kinetic standpoint this is certainly a rapid response. It is therefore not too much of a stretch to suggest that Myc's ability to downregulate Bcl-2 or Bcl-X L could be the 'stress' signal that triggers the Arfp53 pathway (Figure 6 ). This hypothesis makes several predictions. First, one would expect that overexpression of Bcl-2 or Bcl-X L would cancel the need for altering Arf and/or p53 when cells are exposed to Myc. Indeed this has been borne out in Bcl-2 retroviral transduction experiments of Em-Myc; p53 þ /À bone marrow, where one no longer observes the selection for loss of the wildtype p53 allele (Schmitt et al., 2002) . Furthermore, the lymphomas that arise in Em-Myc/Em-Bcl-2 double transgenics lack any indication of Arf or p53 involvement (Maclean, Yang and Cleveland, unpublished results) , and those arising in Bax-deficient lymphomas lack p53 mutations (but curiously not Arf deletes; Eischen et al., 2001b) . Second, one would predict that loss of Bcl-2 or Bcl-X alone might be sufficient to trigger the pathway (Figure 6 ), and at least in MEFs, knockdown of bcl-2 does appear to trigger the p53 response (Jiang and Milner, 2003) . Collectively, this scenario would suggest a model whereby Bcl-2 or Bcl-X L overexpression, and perhaps loss of Bax (or more likely Bax plus Bak), would block Myc's ability to induce Arf and/or p53. In turn, impairing this response would compromise Myc-induced apoptosis, converting Myc into a pure promoter of cell growth and transformation.
Linear pathways are always convenient, but biology is rarely a straight path, and this holds true when one considers the other side of the coin, where p53 and Arf status could affect the expression of Bcl-2 family members. Some of these connections are indeed set in stone and are direct as, for example, the BH3-only proteins Puma and Noxa are direct targets of p53 (Oda et al., 2000; Han et al., 2001; Nakano and Vousden, 2001) , and Myc's ability to trigger Puma expression, at least in MEFs, is strictly p53 dependent . Other links are more subtle, but could still affect the response in a major way. For example, p53 has been suggested as a repressor of Bcl-2 transcription (Miyashita et al., 1994b) , and indeed in immature B cells of Arf-and/or p53-deficient mice there are substantial increases in the steady-state levels of Bcl-2 protein (Cleveland, unpublished) . Thus, perhaps Arf and p53 loss accelerates lymphoma development in Em-Myc transgenics simply because there are high levels of Bcl-2 already expressed in these cells (Figure 6 ). Connections to Bcl-x may come in a more circuitous, but nonetheless effective, route. The expression of bcl-X in B cells has been shown to require the NF-kB family member c-Rel (Owyang et al., 2001) , and, at least in some human cell lines, Arf can inhibit NF-kB and bcl-X expression (Rocha et al., 2003) ; thus, loss of Arf could conceivably lead to indirect upregulation of bcl-X, which would again disable the apoptotic response ( Figure 6 ).
The marvelously (!) complex and multifarious mechanisms of Myc-induced apoptosis certainly represent a continuing challenge, but it is almost assured that they will continue to provide insights into the biology of cancer in a general sense. Clearly, the years ahead will bring more twists and turns, but ultimately it is hoped that this quest will result in novel therapeutic strategies that can be effective in combating cancer. Figure 6 Crosstalk and feedback loops in the Arf-p53 and Bcl-2/ Bcl-X L apoptotic pathways provoked by Myc. In Model I, c-Myc activates the two pathways in an independent manner and both contribute to cell death. In Model II, it is proposed that downregulation of Bcl-2 and/or Bcl-X L serves as the 'stress' signal that triggers the induction of Arf and p53. Furthermore, at least in some cell types, loss of Arf or p53 results in a marked upregulation in the steady-state levels of Bcl-2, which might then explain why Arf-and/or p53-deficient cells are inherently more resistant to Mycinduced apoptosis
